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Metagenomics can be used to determine the diversity of complex, often unculturable, viral communities with
various nucleic acid compositions. Here, we report the use of hydroxyapatite chromatography to efficiently
fractionate double-stranded DNA (dsDNA), single-stranded DNA (ssDNA), dsRNA, and ssRNA genomes from
known bacteriophages. Linker-amplified shotgun libraries were constructed to generate sequencing reads from
each hydroxyapatite fraction. Greater than 90% of the reads displayed significant similarity to the expected
genomes at the nucleotide level. These methods were applied to marine viruses collected from the Chesapeake
Bay and the Dry Tortugas National Park. Isolated nucleic acids were fractionated using hydroxyapatite
chromatography followed by linker-amplified shotgun library construction and sequencing. Taxonomic anal-
ysis demonstrated that the majority of environmental sequences, regardless of their source nucleic acid, were
most similar to dsDNA viruses, reflecting the bias of viral metagenomic sequence databases.

Viruses, particularly bacteriophages (phages), are the most
numerous biological entities on Earth and influence multiple
biologically significant processes, from horizontal gene transfer
(8) to the balance of essential nutrients in natural ecosystems
(14). Viral metagenomic studies conducted over the past de-
cade have revealed a staggering level of diversity in numerous
environments and have caused a paradigm shift in our under-
standing of how viruses influence host physiology and evolu-
tion (2, 7). The initial discovery of photosynthesis-related
genes in the genomes of cyanophages was startling (18, 26).
However, this discovery has been dwarfed by the observed
widespread occurrence and distribution of multiple classes of
virus-encoded cellular genes in the marine environment (4, 11,
16, 17, 24-27).

The majority of viral metagenomic studies to date have
focused on double-stranded DNA (dsDNA) viruses (11, 19,
27). Much less attention has been directed toward viruses with
alternate genome compositions, despite their potential signif-
icance in natural ecosystems (15, 20, 22). Current library con-
struction protocols used to study environmental DNA or RNA
viruses require an initial nuclease treatment in order to remove
nontargeted templates (10). Furthermore, the discrete exami-
nation of environmental single-stranded DNA (ssDNA) and
RNA virus populations is complicated by the fact that tradi-
tional viral library construction methods capture only their
actively replicating dsDNA forms.

This report describes the efficient fractionation and recovery
of a mixture of known dsDNA, ssDNA, dsRNA, and ssRNA
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viral nucleic acids using hydroxyapatite (HAP) chromatogra-
phy followed by linker-amplified shotgun library (LASL) con-
struction. The fractionation of nucleic acids using HAP (a form
of crystalline calcium phosphate) has been routine since the
1960s (5). This method exploits the charge interaction between
positively charged Ca" ions on the surface of the HAP and
the negatively charged phosphate backbone of the nucleic ac-
ids. The abundance of phosphate groups available to interact
with the Ca®" ions is in part dictated by the size and confor-
mation of the nucleic acid species. Phosphate ions present in
the buffer compete with the phosphate groups of the retained
nucleic acid species for Ca>* on the HAP. Nucleic acids with
fewer available phosphate groups (e.g., circular ssDNA mole-
cules) are not retained on the HAP as well as molecules with
more available phosphate groups (e.g., dSDNA or RNA spe-
cies). Differential elution of nucleic acids is typically accom-
plished by either the application of an increasing phosphate
gradient (continuous or step) at a constant temperature or a
combination of increasing temperatures and phosphate con-
centrations.

LASL construction has been a primary tool for the genera-
tion of Sanger sequence data from complex viral communities
(7). This method leverages the ability to attach short adaptor
molecules, which act as PCR primer recognition sites, to the
ends of target DNA. High-quality LASLs were generated using
<50 ng of input dsDNA from a known mixture of bacterio-
phages and sequenced using Sanger technology. These tech-
niques were subsequently applied to nucleic acids purified
from viral communities that were collected from surface
aquatic waters in the Dry Tortugas National Park and a sub-
surface hypoxic basin within the Chesapeake Bay estuary. To
the best of our knowledge, HAP chromatography has never
been applied to the fractionation of nucleic acids from purified
environmental viral assemblages in preparation for met-
agenomic sequencing.
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TABLE 1. Metadata associated with environmental samples

Sample collection Date collected (mo/day/yr) Latitude Longitude Depth (m) Vol (liters) Salinity (ppt) Temp (°C) DO? (mg liter™ 1)
CBAY1? 7/30/2007 38°58'N 76°23'W 22 ~50 19.2 24.6 0.04
CBAY2* 7/30/2007 38°58'N 76°23'W 22 ~50 19 24.6 0.04
CBAY3* 7/30/2007 38°58'N 76°23'W 22 ~50 18.3 24.6 0.04
CBAY4* 7/31/2007 38°58'N 76°23'W 22 ~50 19 24.6 0.04
CBAYS5? 7/31/2007 38°58'N 76°23'W 22 ~50 NA® 24.6 0.04
Dry Tortugas 1/8/2004 24°29'N 83°4'W 2 ~200 36 25.3 5.6

“ Chesapeake Bay sample collections 1 to 5.
> DO, dissolved oxygen.
¢ NA, not applicable.

MATERIALS AND METHODS

Collection of virus-like particles from marine and estuarine environments.
Approximately 200 liters of surface seawater was collected from the Dry Tortu-
gas National Park, and five independent ~50-liter samples of estuarine water
were collected from a hypoxic region of the Chesapeake Bay (Table 1). Microbial
communities were size fractioned through a 20-um Nytex mesh, followed by
serial filtration through 3.0-um (Supor), 0.8-pm (polyethersulfone), and 0.1-um
(polyethersulfone) membrane filters (Pall Life Sciences, Port Washington, NY).
Virus-like particles that passed through the 0.1-wm membrane filter were con-
centrated via tangential flow filtration to ~1 liter using a Pellicon TFF System
(Millipore, Billerica, MA) fitted with a polyethersulfone 50-kDa BioMax Maxi
cassette filter. Viral concentrates were cryoprotected with molecular biology
grade glycerol (10% final concentration) prior to being snap-frozen in liquid
nitrogen (Chesapeake Bay) or storage onboard Sorcerer II at —20°C (Dry Tor-
tugas National Park). Samples were transported to the laboratory and stored at
—80°C prior to being processed.

The thawed viral concentrates were further concentrated to ~10 ml using a
Centricon Plus-70 Centrifugal Filter Device (5,000 molecular weight cutoff
[MWCOJ; Millipore, Billerica, MA), and treated with 1 unit ml~' of RNase-free
DNase I for 2 h at room temperature to remove dissolved environmental DNA.
The DNase reaction was terminated by the addition of EDTA and EGTA to final
concentrations of 50 mM each. The DNase-treated viral concentrates were
layered onto a cushion of 38% (wt/vol) sucrose in SM buffer and centrifuged at
174,899 X g for 3 h at 14°C using a Beckman Coulter Optima L-100 XP Ultra-
centrifuge equipped with a SW32Ti rotor. The pellet containing virus-like par-
ticles was dried and resuspended in SM buffer (10 mM MgSO,, 100 mM NaCl,
0.01% gelatin, and 50 mM Tris-HCI). 16S rRNA PCR, using the primer set
27F/1492R (Table 2), was performed to ensure the samples were free of con-
taminating bacterial DNA. Nucleic acids from virus-like particles were recovered
by extraction with 1 volume of phenol-chloroform-isoamyl alcohol (25:24:1 [vol/
vol/vol]) and ethanol precipitation.

HAP chromatography. DNA grade Bio-Gel HTP hydroxyapatite (control
number 210004557; Bio-Rad, Hercules, CA) was hydrated with 0.12 M phos-
phate buffer and defined according to the manufacturer’s recommendations. A
detailed description of the method and all buffers is provided in the supplemental
material. Phosphate buffers and hydrated HAP were maintained at 60°C
throughout nucleic acid fractionation. The specific nucleic acid binding and
elution properties of hydrated HAP slurries can differ, so testing each batch is
recommended. A sterile 0.7-cm inside diameter (i.d.) standard jacketed Econo

Column equipped with a stopcock (Bio-Rad, Hercules, CA) was coated with 1 ml
of Sigmacote (Sigma-Aldrich, St. Louis, MO) to prevent nonspecific nucleic acid
adsorption to the column and allowed to air dry. The column was attached to a
60°C circulating water bath and rinsed twice with 7 ml of 0.12 M phosphate buffer
(Fig. 1). With the stopcock closed, 2 ml of well mixed hydrated HAP was added
to the column and allowed to settle for 30 min. Equilibration of the column was
accomplished by washing it with 7 column volumes of 0.12 M phosphate buffer.
The last wash was allowed to completely drain from the column.

A known mixture of nucleic acids consisting of M13mp18 circular ssDNA
(7,249 bp), phi6 segmented linear dsRNA (6,374 bp, 4,063 bp, and 2,948 bp),
MS?2 linear ssSRNA (3,569 bp), and lambda linear dsDNA (48,502 bp) was used
to test HAP separation. Nucleic acids (known or environmental) were combined
with 1/2 column volume of 0.12 M phosphate buffer. To equilibrate the sample
and reduce nucleic acid secondary structure, the samples were heated to 60°C for
15 min and loaded onto the column with the stopcock closed. The nucleic acids
were allowed to bind to the HAP column for 15 min. The stopcock was opened,
and the initial flowthrough was collected. The column was eluted with a step
gradient of 7 column volumes each of 0.12 M, 0.18 M, 0.40 M, and 1.0 M
phosphate buffers for the known test mixture or 7 column volumes each of 0.12
M, 0.20 M, 0.40 M, and 1.0 M for the environmental nucleic acids. The 0.12 M
fraction was pooled with the initial flowthrough. Individual fractions were ex-
tracted with equal volumes of phenol-chloroform-isoamyl alcohol (25:24:1 [vol/
vol/vol]) and desalted using Amicon Ultra Centrifugal Filter Devices (30,000
MWCO; Millipore, Billerica MA) according to the manufacturer’s recommen-
dations. The fractionated nucleic acids were ethanol precipitated and resus-
pended in 10 pl of RNase-free 1X Tris-EDTA (TE). The fractionated nucleic
acids were analyzed on a 0.8% E-gel (Invitrogen, Carlsbad, CA) poststained with
1X SYBR Gold (Invitrogen, Carlsbad, CA) and visualized using a Bio-Rad Gel
Doc System (Bio-Rad, Hercules, CA). The 0.40 M and 1.0 M fractions containing
dsDNA were combined.

Conversion of viral ssDNA to linear dsDNA. Purified nucleic acids from the
0.12 M HAP fractions were RNase treated to remove any carryover RNA from
the HAP column. Purified circular ssDNA was converted to linear dsDNA by a
pair of Escherichia coli DNA polymerase I reactions (Fig. 2) as described in the
supplemental material. Briefly, ssDNA and random hexamers (Invitrogen, Carls-
bad, CA) were combined and denatured. The hexamers were annealed to the
ssDNA using positive-ramp primer annealing (4°C for 2 min, 0.1°C s~! ramp to
10°C, 10°C for 10 min, 0.1°C s~ ! ramp to 15°C, 15°C for 10 min, 0.1°C s ! ramp
to 25°C, and 25°C for 10 min). The hexamer-annealed ssDNA molecules were

TABLE 2. Adaptor and primer sequences

Adaptor or primer

Sequence”

I-Ceul adaptor molecule...........ccociiiiiiiiiiiiiiiiecceeeecceeceeeenne

BstXI adaptor molecule........c.cociiiiiiiiiiiiiicccceececceeeeneeenene

I-Ceul DOttOm PIIMET .....cucuiiuiuiiiiiiiiieiciciceiceece e senenane
27F 16S rRNA forward primer..........ccccoeeeeeiiiiccieceecceeceeeenns

1492R 16S TRNA TEVEISE PIiMeT ...c.cccueuiiiiieiciiieieieieieieieieieieieeieeeseaeeenennes

....................... 5'Phos/TCGCTACCTTAGGACCGTTATAGTTA

AGCGATGGAATCCTGGCAATATCAAT/5'Phos

....................... 5"Phos/CTTTCCAGCACA

GAAAGGTC/5"Phos

....................... 5'Phos/TCGCTACCTTAGGACCGTTATAGTTA-3’
....................... 5'-AGAGTTTGATCCTGGCTCAG-3’

....................... 5'-GGTTACCTTGTTACGACTT-3'

“5'Phos, 5’ phosphorylation.
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FIG. 1. Flow diagram depicting HAP-mediated separation of known and environmental viral nucleic acids.

reacted with E. coli DNA polymerase I at 16°C for 2 h. The reaction mixture was
extracted with 1 volume of phenol-chloroform-isoamyl alcohol, ethanol precip-
itated, and resuspended in RNase-free 1X TE. This process was repeated using
the product from the first reaction as the input for the second reaction.
Conversion of viral RNA to linear dsDNA. The 0.18 M (known mixture) and
the 0.20 M (environmental) HAP fractions were DNase I treated to remove
possible carryover DNA contamination from the HAP column. Purified RNA
was converted to dsSDNA using the Superscript RNA Amplification System Kit
(Invitrogen, Carlsbad, CA) with minor modifications. Random hexamers (50 ng)
were mixed with the HAP-purified RNA in 15 pl of diethyl pyrocarbonate
(DEPC)-treated water, heated to 70°C for 15 min, and placed directly on ice. The

Linear ssDNA genomes

E. Coli DNA Polymerase |
Reaction #1

Circular ssDNA genomes

E. Coli DNA Polymerase |
Reaction #1

Heat Denaturation

464

Heat Denaturation

hexamers were annealed to the RNA using the same positive-ramp primer
annealing described above. A first-strand synthesis reaction mixture was pre-
pared as described by the manufacturer and incubated at 50°C for 1 h, 55°C for
1 h, and 70°C for 15 min. The first-strand synthesis was added to the second-
strand synthesis reaction, which was performed according to the manufacturer’s
recommendations. The reaction mixture was extracted with an equal volume of
phenol-chloroform-isoamyl alcohol (25:24:1 [vol/vol/vol]) and ethanol precipi-
tated. The pellet was resuspended in 20 ul RNase-free 1X TE.
Linker-amplified shotgun library construction. LASLs were constructed from
the dsDNA forms from each of the HAP fractions as described by Adams and
colleagues (1) with minor modifications (a detailed description of the method is

—

E. Coli DNA Polymerase |
Reaction #2

Ol

E. Coli DNA Polymerase |
Reaction #2

FIG. 2. Conversion of ssDNA genomes to linear dsDNA. Single-stranded DNA templates are converted to linear dsSDNA molecules by
sequential treatment with E. coli DNA polymerase I in the presence of random hexamers.
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FIG. 3. Separation of known viral nucleic acids using HAP chro-
matography. Ten nanograms of M13mpl8 ssDNA (lane 2), phi6
dsRNA (lane 3), MS2 ssRNA (lane 4), and lambda dsDNA (lane 5),
respectively, were combined (lane 6) and visualized, along with 1-kb
Plus DNA Ladder (lanes 1 and 7) on a 0.8% E-gel. One hundred
nanograms of each nucleic acid were combined, loaded onto a HAP
column, and eluted using 0.12 M (lane 8), 0.18 M (lane 9), and 0.40
M/1.0 M (lane 10) phosphate buffer. Lanes 8 to 10 show 1/10th (~10
ng) of the HAP-purified nucleic acids.

provided in the supplemental material). Briefly, the dsDNAs were randomly
sheared, end polished with Bal31 nuclease-T4 DNA polymerase, and carefully
size selected on 1% low-melting-point agarose. I-Ceul adaptors (Table 2) (In-
tegrated DNA Technologies, Coralville, IA) were appended to the ends of the
DNA fragments, followed by amplification with Phusion DNA polymerase
(Finnzymes, Espoo, Finland) for 15 cycles. The ends of the amplicons were
polished, and BstXI adaptors (Table 2) were appended to the fragments. The
fragments were then inserted into a BstXI-linearized medium-copy plasmid
vector containing transcriptional terminators flanking the cloning sites. The
transformed cells were processed and sequenced using the high-throughput
sequencing pipeline at the J. Craig Venter Institute (Rockville, MD) as described
by Rusch et al. (23). Sequences from the mixture of known viruses and environ-
mental virus sequences were deposited in NCBI’s Trace Archive (see the sup-
plemental material for Trace Archive identifiers).

Phylogenetic analysis of environmental sequences. The taxonomic affiliations
of environmental virus sequences were determined using the Automated Phylo-
genetic Inference System (APIS) (3, 6). Open reading frames (ORFs) were
predicted using MetaGene (21), and query protein sequences were compared to
sequences within APIS databases that contained (i) all publicly available micro-
bial genomes, including bacteria, archaea, and single-celled eukaryotes; (ii) all
fully sequenced viral genomes deposited in the NCBI's Viral Genomes Re-
sources; and (iii) all publicly available Sanger-based “long-read” viral metage-
nomes. Homologs to the query sequences were identified, and their full-length
sequences were aligned to query proteins using MUSCLE (12). Neighbor-joining
phylogenetic trees were produced, and bootstrap values were calculated based on
100 replicates. The taxonomy of the query sequence was inferred from its place-
ment on the tree. Three homologs were required for tree placement.

RESULTS AND DISCUSSION

Validation of viral nucleic acid fractionation by HAP chro-
matography. Viral nucleic acids applied to a HAP column
were eluted with a discontinuous step gradient of increasing
concentrations of phosphate-containing buffer (Fig. 1). As an-
ticipated, the viruses in the test mixture eluted at phosphate
buffer concentrations of 0.12 M (M13mp18 circular ssDNA),
0.18 M (phi6 segmented linear dsRNA and MS2 linear
ssRNA), and 0.40/1.0 M (lambda linear dsDNA). Nucleic acids

APPL. ENVIRON. MICROBIOL.

FIG. 4. Separation of viral-community nucleic acids from a subsur-
face hypoxic region of the Chesapeake Bay. Viral nucleic acids purified
from the Chesapeake Bay (Collection CBAY1 is shown) were frac-
tionated on a HAP column using 0.12 M, 0.20 M, 0.40 M, and 1.0 M
phosphate buffer and visualized with 1 pl of High Mass DNA Ladder
(L1) and 1-kb Plus DNA Ladder (L2).

with more phosphate on the backbone eluted at higher phos-
phate concentrations. Comparison of input and eluted nucleic
acids via gel electrophoresis indicated that all were recovered
at their expected molecular weights (Fig. 3). This observation
suggests that HAP chromatography is a highly efficient method
for the fractionation and recovery of known viral nucleic acids.

HAP-fractionated nucleic acids purified from the Chesa-
peake Bay (Fig. 4) and the Dry Tortugas National Park (data
not shown) were visualized via gel electrophoresis. Environ-
mental viral nucleic acid species exhibited an elution profile
similar to that of the test mixture and migrated within a mo-
lecular weight range consistent with known environmental vi-
ruses of similar nucleic acid compositions. This validated our
ability to fractionate environmental viral nucleic acids effi-
ciently using HAP chromatography.

Conversion of circular ssDNA to linear dsDNA. Single-
stranded DNA molecules are converted to linear dSDNA mol-
ecules using a pair of sequential E. coli DNA polymerase I
reactions in the presence of random hexamers. The 5'-3" exo-
nuclease activity of the polymerase nick translates upstream of
the newly synthesizing strand, producing a linear single-
stranded copy of ssDNA templates. The second reaction syn-
thesizes a DNA strand complementary to the linear ssDNA
copy created in the first reaction. This effectively yields a linear
duplex copy of linear and circular ssDNA genomes (Fig. 2).
Even though this mechanism skews community diversity by
producing a pair of duplex molecules for every linear single-
stranded template, it is vital for the generation of duplex forms
of circular templates, since an efficient method to randomly
shear small circular molecules is not available.

Linker-amplified shotgun library construction. Linear dsDNAs
were randomly sheared to interrupt potentially disruptive
DNA sequences and to generate fragment sizes suitable for
robust PCR amplification and cloning into E. coli. Amplifica-
tion of I-Ceul-terminated fragments was restricted to 15 cycles
using Phusion DNA polymerase to minimize the occurrence of
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TABLE 3. Sequencing analysis of LASLs constructed from known viral genomes

y Composition (%)

Library Clorﬁg/]i%fm Total reads rg%‘so(fqnzﬁgcfsz) Avg length (bp) — -
Ty o M13mp18¢ MS2°/phi6* Lambda“ Other
012 M ~5.70 X 10° 96 44 (45.8) 756 90.90 6.80 2.30 0.00
0.18 M ~1.75 X 10° 96 86 (89.6) 770 0.00 100.00 0.00 0.00
0.4/1.0 M ~1.38 x 10° 96 78 (81.3) 760 0.00 1.30 94.80 3.90

¢ Bacteriophage M13mp18 contains a 7,249-bp circular ssDNA genome.
® Bacteriophage MS2 contains a 3,569-bp linear ssRNA genome.

¢ Pseudomonas phage phi6 contains a segmented linear dsRNA genome. Segments L, M, and S have 6,374 bp, 4,063 bp, and 2,948 bp respectively.

@ Bacteriophage lambda contains a 48,502-bp linear dsSDNA genome.

random mutations, chimeras, and bias, at the same time pro-
ducing sufficient quantities of DNA for library construction.
The plasmid vector contained transcriptional terminators
flanking the insertion sites to prevent transcription of poten-
tially lethal insert sequences. The transformed plasmids were
analyzed, and a significant proportion were found to contain
inserts of the targeted size. Transformation titers were suitable
for typical Sanger sequencing projects, and the overall library
quality was assessed through the analysis of sequencing-data
results (Tables 3 and 4).

A direct comparison of Sanger sequencing reads produced
from linker-amplified and unamplified marine viral-commu-
nity DNA demonstrated no significant changes in the relative
abundances of viral genotypes based on BLAST analysis (un-
published data). This suggests that the LASL approach does
not introduce significant biases that could potentially influence
the interpretation of the environmental virus community data.

Validation of separation efficiency through sequence analy-
sis. The taxonomic analysis of libraries created from known
viral nucleic acids using BLASTn revealed that at least 90% of
the sequencing reads generated from the purified, HAP-frac-
tionated nucleic acids had significant similarity to the expected
viral genomes (Table 3). APIS, an alternative taxonomic anal-
ysis tool to BLAST, was used in the analysis of the environ-
mental libraries. APIS is a more robust tool than BLAST for
examining the taxonomy of environmental metagenomic se-
quences, since it utilizes phylogenetic relationships between
query and full-length reference sequences in order to infer

taxonomy (Fig. 5). This method is superior to BLAST-based
analyses, since the “top-BLAST” hit for many viral met-
agenomic sequences is often uninformative (e.g., hypothetical
or with similarity to cellular genes).

Predicted environmental protein sequences that were char-
acterized using APIS and claded with viruses were subjected to
further scrutiny. Between 57% and 91% of sequences were not
placed on phylogenetic trees by APIS and remained unchar-
acterized. The highest proportion of sequences from every
environmental library, regardless of initial nucleic acid com-
position, claded with dsDNA viruses despite the fact that
ssDNA- and RNA-specific libraries were constructed. In addi-
tion, an average of 67% of ssDNA and 17% of RNA sequences
claded with dsDNA viruses from marine metagenomes (see
Table S1 in the supplemental material). These findings are
consistent with two observations: (i) the majority of publicly
available viral metagenomes represent dsSDNA viruses, and (ii)
dsDNA viruses comprise only ~35% of the fully sequenced
viral genomes within the NCBI Viral Genomes Resource, yet
they represent the largest total proportion of genetic material
available for comparison on a nucleotide-per-nucleotide basis.

Approximately 15% and 50% of the sequences generated
from the HAP-fractionated dsDNA from the Chesapeake Bay
and the Dry Tortugas, respectively, claded with dsDNA vi-
ruses, with a limited number sharing similarity with ssDNA or
RNA viral genomes (Table 4). Even though sequences gener-
ated from the HAP-fractionated environmental ssDNA and
RNA were most similar to dsDNA viruses, they also shared

TABLE 4. Sequence analysis of LASL libraries from environmental viral communities

ssDNA virus related RNA virus related dsDNA virus related

No. of
. No. of Total nontrash Avg length
Library cloneslibrary  reads  reads on) prligic(gi g 7 Predicted pfelgic(t)ef: 4 % Predicted prligic(gi g % Predicted
(% success) proteins proteins proteins proteins proteins proteins
Chesapeake Bay
hypoxic basin
ssDNA? ~9.00 X 10° 6,144 5,786 (92.4) 776 277 23.01 0 0.00 830 68.94
RNA“ ~7.10 X 10° 6,144 5,787 (94.2) 758 158 16.83 2 0.21 189 20.13
dsDNA® ~1.88 X 10° 95,615 87,900 (91.6) 734 0 0.00 0 0.00 1,076 14.79
Dry Tortugas
National Park
ssDNA ~1.91 X 10° 6,144 5,803 (94.4) 745 2 0.13 0 0.00 444 29.38
RNA ~337 X 10* 6,144 5,589 (91.0) 780 0 0.00 1 0.03 225 6.28
dsDNA ~1.28 X 10° 90,624 68,491 (75.6) 755 0 0.00 39 0.57 3,445 50.06

“ Nucleic acids from five independent sample collections were pooled, and a single library was constructed.
® Data were compiled from four libraries constructed from four independent sample collections.
¢ Percentage of total predicted proteins (those placed on trees by APIS) that clade with the specified genome type. Nonviral classifications are not reported.
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FIG. 5. Neighbor-joining phylogenetic tree produced by APIS. An example of a Chesapeake Bay ssDNA viral query sequence (depicted
in red) clading with sequences from other dsDNA environmental viral metagenomes. The viral metagenome called UDEL_CHESAPEAKE _
VIRIOPLANKTON_SMPL was generated from a separate study (3). The viral metagenome called SDSU_SCRIPPS_PIER_MARINE_VI-
RUS_SMPL was generated by a study conducted by Breitbart et al. (7). Bootstrap values are indicated at branches. The scale bar indicates

0.1 amino acid substitution per position.

similarity with known ssDNA- and RNA-containing viruses.
For the Chesapeake Bay ssDNA library, 23% of characterized
sequences were most similar to known ssDNA viruses. A very
small percentage (0.21%) of sequences from the Chesapeake
Bay RNA library were most similar to known RNA viruses.

The taxonomic distribution of sequences generated from the
Dry Tortugas ssDNA and RNA libraries differed drastically
from those constructed from the Chesapeake Bay, suggesting
that inherent differences in viral community composition exist.
Only 0.13% of APIS-characterized sequences from the ssDNA
library and 0.03% of sequences from the RNA library claded
with other known ssDNA and RNA viruses, respectively. Al-
though the inferred taxonomy of the viral sequences from the
environmental libraries does not directly correlate with viruses
of the expected genome composition, the results of the frac-
tionation experiment using known nucleic acids clearly dem-
onstrated that efficient HAP-mediated separation of viral ge-
notypes does occur.

Benefits of HAP chromatography and LASL construction
for viral ecology. Nucleic acid fractionation by HAP chroma-
tography and subsequent LASL construction has marked ben-
efits over current purification and library construction proto-
cols. HAP chromatography eliminates the need to choose
between studying either DNA or RNA viruses while allowing
the direct targeting and isolation of all viral nucleic acid types
from environmental samples.

Converting non-dsDNA viral genomes to a linear duplex
form standardizes library construction efforts and facilitates
the comparison of sequencing results across HAP fractions,
since the same methodologies can be used for all nucleic acid
species. Having a dedicated library construction pipeline that
can accommodate all nucleic acid types reduces potential bi-
ases associated with nucleic acid-specific library construction
methods (9, 10, 15, 20). The creation of high-quality viral
metagenomic libraries from as little as 2 ng of starting nucleic
acid (data not shown) using LASL construction is more reli-
able than alternative amplification methods (e.g., multiple-
displacement amplification [MDAY]).

Several known challenges are associated with MDA of
mixed microbial communities. They include bias toward circu-
lar ssDNA templates, the production of chimeras, and nonspe-
cific amplification, which can be mistaken for novel viral se-
quence during downstream analyses. Linker amplification of

viral-community nucleic acid is a robust method for generating
quantities of DNA required for metagenomic sequencing using
Sanger technology. Furthermore, the LASL construction
method has been easily adapted to accommodate next-gener-
ation sequencing platforms (e.g., 454 pyrosequencing) since
the linker amplification PCR step produces sufficient quanti-
ties of DNA for this application.

The interpretation of viral metagenomic data from DNA or
RNA can be cumbersome for reasons including genetic novelty
(e.g., no shared homology to known sequences) (13), the abun-
dance of virus-encoded cellular genes (11, 27), and the lack of
suitable environmental virus reference genomes available for
comparison. Furthermore, certain members of the viral com-
munity will be retained on larger prefilters, which may influ-
ence interpretation of the overall diversity of viral communi-
ties. HAP chromatography provides a rigorous mechanism for
partitioning environmental viral nucleic acids, ensuring that
the metagenomic sequences associated with each fraction ac-
curately represent the targeted nucleic acid type. Comparison
of metagenomic data across nucleic acid types enables a more
complete analysis of the gene complement of viral communi-
ties and evaluation of virus diversity. Specific questions regard-
ing the distribution of gene families across viruses with differ-
ing nucleic acid compositions and the mobilization of genes
between these viruses can also be addressed using the methods
described here. Lastly, HAP chromatography followed by
LASL construction can be a powerful tool for the discovery of
novel dsDNA, ssDNA, dsRNA, and ssRNA viruses in the
environment.
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